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SUMMARY 

An expe r imen ta l   and   t heo re t i ca l   s tudy   has   been  made o f   t he   s idewa l l   boundary  
l a y e r   w i t h   a n d   w i t h o u t   s u c t i o n   i n  the Langley 0.3-Meter Transonic  Cryogenic  Tunnel 
0.3-m TCT). Wi thout   suc t ion ,   the   bounda , ry- layer   d i sp lacement   th ickness  a t  a l o c a t i o n  
ahead of the model   loca t ion   var ied  from abou t  1.6 t o  1.3 mm ove r  a Reynolds number 
range  from 20 t o  200 x 10 per meter a t  Mach numbers  from  0.30 t o  0.76. Measured 
v e l o c i t y  profiles w e r e  c o r r e l a t e d  by u s i n g   t h e   d e f e c t  l a w  of Hama, which w a s  modif ied 
i n  terms of d i sp lacemen t   t h i ckness .  The boundary- layer   d i sp lacement   th ickness  
dec reased  when s u c t i o n  w a s  app l i ed ;   however ,   a f t e r   suc t ion  of abou t  2 pe rcen t   o f  the 
t e s t - s e c t i o n  mass f l o w ,   t h e   c h a n g e   i n   t h i c k n e s s  w a s  small. A comparison  of   the 
m e a s u r e d   s u c t i o n   e f f e c t i v e n e s s   w i t h   f i n i t e - d i f f e r e n c e   a n d   i n t e g r a l   m e t h o d s  of 
boundary - l aye r   ca l cu la t ion  showed t h a t   b o t h   m e t h o d s   p r e d i c t e d   t h e   r i g h t   t r e n d   o v e r  
the   range   of  ratios o f   a v e r a g e   s u c t i o n   v e l o c i t y  t o  f r ee - s t r eam  ve loc i ty  vw/ue up t o  
-0.02, w i t h   t h e   f i n i t e - d i f f e r e n c e   c a l c u l a t i o n   g i v i n g  better agreement   wi th   the  
expe r imen ta l   da t a .  
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INTRODUCTION 

Cur ren t ly ,   an   ex tens ive ,   advanced- t echno logy ,   a i r fo i l   t e s t ing   p rog ram is  i n  
p r o g r e s s   i n   t h e   L a n g l e y  0.3-Meter  Transonic  Cryogenic  Tunnel (0.3-m TCT) t o  g e n e r a t e  
high  Reynolds number wind-tunnel   data  on  two-dimensional a i r f o i l s .  (See ref.  1 . )  
The use   o f   c ryogen ic   n i t rogen  as t h e  test  g a s   i n   t h e  0.3-m  TCT has  made p o s s i b l e   t h e  
t e s t i n g   o f   a i r f o i l s  a t  high  Reynolds  numbers of p r a c t i c a l   i n t e r e s t .  However, t o   g a i n  
f u l l   a d v a n t a g e  of the  high  Reynolds  number c a p a b i l i t y  of the 0.3-m  TCT, it is 
n e c e s s a r y   t h a t   t h e   i n t e r f e r e n c e  effects caused by t h e   f i n i t e   t e s t - s e c t i o n   b o u n d a r i e s  
be k e p t  t o  a n   a c c e p t a b l y  l o w  v a l u e   o r  be s u i t a b l y   a c c o u n t e d   f o r .  

The i n t e r f e r e n c e   e f f e c t s  of the top  and bottom walls i n  two-dimensional test- 
i n g  are p r i m a r i l y   i n v i s c i d   i n   n a t u r e   a n d   c a n  be c o r r e c t e d   t h e o r e t i c a l l y ;  when n o t  
correctable, they   can  be minimized by u s i n g   s e l f - s t r e a m l i n i n g  wal l  shapes .   (See  
ref. 2.)  ?he i n t e r s e c t i o n  of t h e   a i r f o i l   w i t h   t h e   t u n n e l   s i d e w a l l s   g i v e s  rise t o  a 
local three-d imens iona l  f l o w  f i e l d   b e c a u s e   o f   t h e   i n t e r a c t i o n   o f   t h e   a p p r o a c h i n g  
s idewa l l   boundary   l aye r   w i th   t he  a i r f o i l  p r e s s u r e   f i e l d   w h i c h   c a n   s e r i o u s l y   a f f e c t  
the   two-dimens iona l i ty  of t h e  f l o w  o v e r   t h e  mode l .   I n   add i t ion ,   t he   change   i n   t he  
s idewal l   boundary- layer   th ickness   above   and  below t h e  a i r f o i l  a l o n g   t h e   c h o r d   l e a d s  
t o  v a r i a t i o n s   i n   t h e   w i d t h   o f   t h e  f l o w  p a s s a g e   a n d   r e s u l t s   i n   d i f f e r e n t  effective 
f l o w  Mach numbers.  Recently,  methods t o  account  for  t h i s   c h a n n e l i n g   e f f e c t   h a v e  
been  proposed  for   the case when the   s idewa l l   boundary   l aye r   r ema ins   a t t ached .   (See  
refs. 3 and 4. )  However, when t h e   s i d e w a l l   b o u n d a r y   l a y e r  is t h i c k ,  it can separate 
even when t h e   a i r f o i l   b o u n d a r y   l a y e r  is a t t a c h e d  as i n   t h e  case of l o w  i n c i d e n c e s  a t  
t r a n s o n i c  speeds. ?he tendency €or t h e   s i d e w a l l   b o u n d a r y   l a y e r  t o  separate can be 
minimized,   and  the  boundary  layer   can be made t o  r ema in   a t t ached  over a wider   range 
of test  c o n d i t i o n s  by r educ ing  i t s  t h i c k n e s s   t h r o u g h   s u c t i o n  or by u s i n g   o t h e r   t y p e s  
of   boundary-layer-control   techniques.  

Recent ly ,  a s idewa l l   boundary - l aye r   con t ro l  (BLC) system  which  employs  suction 
through perforated plates w a s  i n s t a l l e d   i n   t h e  0.3-m  TCT t o  r educe   t he   t h i ckness  of 
t h e  sidewall boundary   l ayer   ups t ream of t h e  a i r fo i l .  To e v a l u a t e   t h e   e f f e c t i v e n e s s  



of the BLC s y s t e m ,   a n   i n v e s t i g a t i o n  w a s  conducted   over  a wide range of o p e r a t i n g  
c o n d i t i o n s   w i t h  no m o d e l   p r e s e n t   i n  the tes t  s e c t i o n .  The purpose of this paper is  
t o  d e s c r i b e   t h e   s u c t i o n  method t h a t  was employed and t h e   r e s u l t s  of the  boundary- 
layer  measurements  used t o  assess t h e   e f f e c t i v e n e s s   o f   s u c t i o n ,   i n   a d d i t i o n  t o  pre- 
s e n t i n g   c o r r e l a t i o n s   o f  the data and  comparisons  with theoretical p r e d i c t i o n s .  'Ihe 
tests covered a Mach number range from 0.30 to  0.76 and a Reynolds  number  range from 
20 to  200 x lo6 per meter. In c o n t r a s t  t o  the   cus tomary  practice of u s i n g   s i n t e r e d  
woven s c r e e n  materials for  the porous media, the p r e s e n t  method u s e d   r e l a t i v e l y   t h i n  
p e r f o r a t e d  plates w i t h   c l o s e l y  spaced holes .   Reference  5 ques t ioned  the applica- 
b i l i t y  of the standard  boundary-layer   predict ion  methods w i t h  mass t r a n s f e r  to  ca l cu -  
l a t e  the   g rowth   over  a c l o s e l y   s p a c e d   d i s c r e t e - s u c t i o n   c o n f i g u r a t i o n   r a t h e r   t h a n  
hav ing   con t inuous   suc t ion .  This i s s u e  w a s  examined  by  comparing  the  data  presented 
here in   wi th   s tandard   boundary- layer   p red ic t ion   methods   us ing   the   assumpt ion   of  
con t inuous   suc t ion .  
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s p e c i f i c   h e a t  a t  c o n s t a n t   p r e s s u r e  

shape parameter, 6*/8 

shape parameter i n   t r a n s f o r m e d   c o o r d i n a t e s  (see eq. ( 8 ) )  

c o n s t a n t   i n   s k i n - f r i c t i o n   r e l a t i o n  (see eq. (19) ) 

c o e f f i c i e n t   o f   t h e r m a l   c o n d u c t i v i t y  

l e n g t h  of p e r f o r a t e d  plate i n   d i r e c t i o n  of f l o w ,  mm 

mixing   length  (see eq. (2)) 

Mach number 

change i n  Mach number across p e r f o r a t e d  plate,  M - M 

mass-f l o w  rate 

P r a n d t l  number,  pecp/k 

p r e s s u r e ,  atm ( 1  atm = 101.3  kPa) 
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r e fe rence   t empera tu re  (see eq. (1 

v e l o c i t i e s   p a r a l l e l   a n d   n o r m a l  t o  

w a l l  f r i c t i o n   v e l o c i t y ,  

1 ) )  

w a l l ,  r e s p e c t i v e l y  

Car t e s i an   coord ina te s   a long   and   no rma l   t o  w a l l ,  r e s p e c t i v e l y  

t ransformed  coord ina te   normal   to   wal l ,   uTy/v  

height   of   boundary-layer   rake,  15 mm 
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v i scos i ty - t empera tu re   exponen t ,  p = T‘ 

r a t i o  of s p e c i f i c   h e a t s  

boundary- layer   th ickness  

boundary- layer   d i sp lacement   th ickness ,  i6 (1 - e) dy 

i n c r e a s e  i n  d i s p l a c e m e n t   t h i c k n e s s   a c r o s s   p e r f o r a t e d   p l a t e ,  63 - 6; 

boundary-layer  momentum t h i c k n e s s ,  6” +J - 3 dy 

boundary-layer momentum t h i c k n e s s   i n   t r a n s f o r m e d   p l a n e  (see eq. ( 7 ) )  

change   i n  momentum t h i c k n e s s   a c r o s s   p e r f o r a t e d   p l a t e ,  

v i s c o s i t y  

k i n e m a t i c   v i s c o s i t y  

d e n s i t y  

s h e a r  stress 

e2 - 5 
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S u b s c r i p t s :  

a w  a d i a b a t i c  w a l l  

b l  boundary-layer   bleed (i .e., removal)  

e local  e x t e r n a l   c o n d i t i o n s  

i incompress ib l e  

P p e r f o r a t e d  plate  

t t o t a l   v a l u e s  

t s  tes t  s e c t i o n  

W w a l l  c o n d i t i o n s  

0 f r e e - s t r e a m   s t a g n a t i o n   c o n d i t i o n s  

1 u p s t r e a m   o f   p e r f o r a t e d   p l a t e  

2 downstream of p e r f o r a t e d   p l a t e  

Abbrevia t ions :  

boundary  layer  

boundary - l aye r   con t ro l  

t unne l   r i gh t -hand   and   l e f t -hand   s idewa l l s ,   r e spec t ive ly  

EXPERIMENTAL  APPARATUS 

Lanqley 0.3-m TCT is a c l o s e d - c i r c u i t ,   f a n - d r i v e n   t u n n e l   u s i  ng c ryogen ic  
n i t r o g e n  as a tes t  gas .  (See f i g .   1 . )  The t u n n e l   c i r c u i t  i s  constructed  of  aluminum 
a l l o y   a n d  is  t h e r m a l l y   i n s u l a t e d .  Under s t e a d y   o p e r a t i n g   c o n d i t i o n s  of a g iven  tem- 
pera ture   and   pressure ,   the   hea t   o f   compress ion   impar ted  t o  t h e  test  gas  by t h e   f a n  is 
removed  by t h e   i n j e c t i o n   o f   l i q u i d   n i t r o g e n  (LN2) i n t o   t h e   t u n n e l   c i r c u i t  and   the  
s t a g n a t i o n   p r e s s u r e  is maintained by c o n t r o l l i n g   t h e   g a s e o u s   n i t r o g e n   e x h a u s t  from 
t h e   t u n n e l   c i r c u i t .  

The two-d imens iona l   i n se r t   ( r e f .  6 )  o f   t h e  0.3-m TCT h a s  a t e s t - s e c t i o n   s i z e   o f  
2 0  c m  by 60 c m  and  has  provision  for  removable  model-mounting  modules.   For  the side- 
wal l  BLC tests, p e r f o r a t e d  plates were f i t t e d   u p s t r e a m   o f   t h e  model l oca t ion   on   bo th  
s i d e w a l l s .  (See f i g .  2.) The quant i ty   o f   boundary- layer  mass flow  removed  from 
e i t h e r  o f   t he   s idewa l l s   can  be con t ro l l ed   i ndependen t ly  by d i g i t a l   v a l v e s .  (See 
r e f s .  7, 8, and 9.) A schematic   drawing  of   the sidewall BLC system is shown i n   f i g -  
u r e  3. The d i g i t a l  valve e s s e n t i a l l y   c o n s i s t s   o f  a number of c a l i b r a t e d   b i n a r y -  
w e i g h t e d   s o n i c   n o z z l e s   o p e r a t i n g   i n  a bistable mode e i t h e r  open or c l o s e d .  These 
s o n i c   n o z z l e s  are used i n   a p p r o p r i a t e   c o m b i n a t i o n s  t o  g i v e   t h e   r e q u i r e d   f l o w  area. 
The 1 1 - h i t   d i g i t a l   v a l v e   i n c o r p o r a t e d   i n   t h e   p r e s e n t   s y s t e m  w a s  microprocessor 
con t ro l l ed   and   had  a r e s o l u t i o n   o f  1 i n  2048. P r e s e n t l y ,   t h e  BLC system i s  o p e r a t i v e  
i n   t h e   p a s s i v e  mode and   d i scharges   b leed   f low to  the   a tmosphere .   Thus ,   the   b leed  

4 



o p e r a t i o n  is e f f e c t i v e   o n l y   f o r   c o n d i t i o n s   f o r   w h i c h   t h e   t e s t - s e c t i o n   s t a t i c   p r e s -  
s u r e  is h igher   than   the   ambient   va lue .  A l s o ,  the maximum boundary-layer  mass-removal 
r a t e s  w i l l  be   l imi t ed  to  t h e   q u a n t i t y  of l i q u i d   n i t r o g e n   i n j e c t e d  i n  o r d e r   t o  main- 
t a i n   s t e a d y   o p e r a t i n g   c o n d i t i o n s .  A t  h i g h e r  Mach numbers,   the  heat  of  compression 
i s  l a r g e ;   t h e r e f o r e ,   t h e   l i q u i d   n i t r o g e n   i n j e c t i o n  rate w i l l  be   higher   and  corre-  
spondingly   h igher   b leed  rates can  be  obtained.  A t  t h e   h i g h e s t  Mach number t e s t e d  

g i v l n g   r a t i o s  of   average   suc t ion   ve loc i ty   to   f ree-s t ream  ve loc i ty   vw/ue   up   to  -0.02 
on t h e   p e r f o r a t e d   s u c t i o n   p a n e l .  

(Mts = 0 .76) ,   up   t o  2.4 percent   o f  the t e s t - s e c t i o n  mass flow was removed, t h u s  

The  0.75-mm-thick a luminum-al loy   per fora ted   p la tes   used  as s u c t i o n  media  had  a 
nominal   porosi ty   of  20 percent   and  had  holes   of  0.25-mm diameter   and 0.5-mm spac ing .  
( S e e   f i g .  4. ) This conf igura t ion   of   the   ho le   geometry  w a s  based on t h e   a n a l y s i s  of 
S t r e e t t   ( r e f .  51 ,   wh ich   accoun t s   fo r   t he   i nv i sc id - s ink   e f f ec t   due   t o   ho le s  by t h e  
p o t e n t i a l - f l o w  method. The h o l e s  were d r i l l e d  by using  an  e lectron-beam  technique 
and were g iven  a s l i g h t   d i v e r g e n c e   i n   t h e   s u c t i o n   d i r e c t i o n   t o  improve  pressure 
r e c o v e r y .   A f t e r   d r i l l i n g   t h e   h o l e s ,   t h e   p l a t e   s u r f a c e  was e t c h e d   t o   o b t a i n  a smooth 
f i n i s h   d e v o i d   o f   l o c a l   b u r r s .  The p e r f o r a t e d   p l a t e s  were   deve loped   a f te r   cons ider -  
a b l e   e f f o r t   t o   o b t a i n  a u n i f o r m   s u c t i o n   d i s t r i b u t i o n   w i t h  minimum p r e s s u r e   l o s s .  A 
good s u r f a c e   f i n i s h  was achieved  to   avoid  adverse  boundary-layer   growth  due  to  s u r -  
face  roughness  when no s u c t i o n  is employed. The p l a t e s  w e r e  mounted  on  a r e i n f o r c e d  
honeycomb base by using  an  adhesive bond t o   p r o v i d e   a d e q u a t e   s t r e n g t h   t o   w i t h s t a n d  
ope ra t ing   l oads .  

The boundary-layer  measurements  were made on b o t h   s i d e w a l l s   a t  two l o c a t i o n s ,  
one  ahead  of   the  perforated  plate   and  the  other   behind.  The measurements  were made 
wi th  a f ixed   r ake   hav ing  15 to t a l -p re s su re   t ubes   equa l ly   spaced  1.0 mm a p a r t .  The 
f i r s t   t u b e  of t he   r ake  w a s  a t  a d i s tance   o f   approximate ly  0.056 from the   wa l l .  The 
c o n f i g u r a t i o n  of the   rake   p robes  was a d e q u a t e   t o   g e t   r e l i a b l e   e s t i m a t e s  of t h e  
displacement  and momentum t h i c k n e s s e s .  The p r o b e   t i p s  were made of s t a i n l e s s - s t e e l  
t ub ing   w i th  a 0.5-mm probe   ou t s ide   d i ame te r  and 0.125-mm wa l l   t h i ckness .  The loca-  
t i o n  of t h e   r a k e s   w i t h   r e s p e c t   t o   t h e   p e r f o r a t e d   p l a t e s  on t h e   s i d e w a l l s  is shown i n  
f i g u r e  5. The s t a t i c - p r e s s u r e   d i s t r i b u t i o n   m e a s u r e d   a l o n g   t h e   s i d e w a l l   p r o v i d e d  
informat ion  on t h e   m i l d   a d v e r s e   p r e s s u r e   g r a d i e n t   e s t a b l i s h e d   a c r o s s   t h e   s u c t i o n  
region  because of  mass removal. 

THEORETICAL PROCEDURES 

The growth  of a turbulen t   boundary   l ayer   over  a p e r f o r a t e d   p l a t e   w i t h   d i s c r e t e  
s u c t i o n  is more compl i ca t ed   t han   t ha t   ove r  a un i fo rmly   po rous   wa l l .   Pa r t i cu la r ly ,  
t he   i nc rease   i n   boundary - l aye r   t h i ckness  i n  the  absence of suc t ion   can  be  more than  
t h a t   o v e r  a s o l i d  w a l l  because  of   open-area  effects  when t h e   h o l e   s i z e  i s  l a r g e .  
Even when care is  t a k e n   t o   o b t a i n  a  smooth s u r f a c e   f i n i s h  on t h e   f l o w   s i d e ,   t h e   f r e e -  
j e t - type   mix ing   a long   pe r fo ra t ions   l eads   t o  a rapid  growth  of   the  boundary  layer .  In  
add i t ion ,   because  of the   deve lopment   o f   th in   e lementary   boundary   l ayers   a t   each   ho le ,  
t h e   r e s i s t a n c e   o v e r   t h e   s o l i d   p o r t i o n s  of   the   wal l  w i l l  be much h ighe r .  

In  the   des ign  of t r a n s o n i c  wind t u n n e l s   w i t h   p e r f o r a t e d  walls ( r e f .  l o ) ,  t h e  
adverse  boundary-layer  growth i s  minimized by app ly ing   suc t ion .  The s u c t i o n   r e q u i r e d  
t o   k e e p   t h e   s t a t i c   p r e s s u r e  i n  t h e   p e r f o r a t e d - w a l l   t e s t   s e c t i o n   c o n s t a n t   c a n   b e  
reasonably   es t imated ,   based  on the   shear   l ayer   g rowth  on t h e   w a l l s  and  on t u n n e l  
mass - f low  con t inu i ty   cons ide ra t ions .   (See   r e f .   10 . )   Th i s   s imp le   approach  was found 
t o   g i v e  qood agreement  both  with  preliminary  measurements made earlier on  a pe r fo -  
r a t e d   w a l l   i n   t h e  0.3-m TCT over  a l imited  range  of  boundary-layer  mass-flow  removal 
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and   w i th  the p r e d i c t i o n s  of Streett’s method (ref. 5) wh ich   accoun t s   fo r  the 
i n v i s c i d - s i n k  effects i n   c o n j u n c t i o n   w i t h  a b o u n d a r y - l a y e r   i n t e g r a l  method. 

It is argued i n   r e f e r e n c e  5 tha t  the   s t anda rd   boundary - l aye r   me thods   i nc lus ive  
of t h e   f i n i t e - d i f f e r e n c e  methods are inadequa te  t o  predict the  boundary-layer   growth 
o v e r   p e r f o r a t e d  plates w i t h   c l o s e l y   s p a c e d   h o l e s   b e c a u s e  of r a p i d l y   f l u c t u a t i n g  
veloci ty   components   produced by t h e   d i s c r e t e - s u c t i o n   p o i n t s .  However, as long  as t h e  
h o l e  diameter and the spac ing  are small compared t o  t h e  local boundary- layer   th ick-  
ness ,  the p e r f o r a t e d   p l a t e   c a n  be i d e a l i z e d  by a c o n t i n u o u s - s u c t i o n   s u r f a c e  t o  a 
f i r s t   a p p r o x i m a t i o n .  The i n f l u e n c e  of d i s c o n t i n u o u s   s u c t i o n   o n   p o t e n t i a l   f l o w   d u e  t o  
d i s c r e t e - s u c t i o n   p o i n t s   r e s u l t s   i n   t h e   i n t r o d u c t i o n  of a p e r i o d i c   p r e s s u r e   f i e l d ,   a n d  
t h i s   e f f e c t   h a s   b e e n   s t u d i e d   i n   d e t a i l  by  Wuest ( r e f .   1 1 )  for  slots and   pe r iod ic  
pe r fo ra t ions   on  a f l a t  plate.  W u e s t   p o i n t s   o u t   t h a t   t h e   e f f e c t  of d i scon t inuous  
s u c t i o n   d e c a y s   r a p i d l y   i n  a d i s t a n c e  of a b o u t   h a l f  the minimum hole   spac ing   which  is 
0.25 mm for t h e   p e r f o r a t e d  plate  u s e d   i n  the p r e s e n t  tests. This   spac ing   cor responds  
t o  abou t  2 pe rcen t   o f   t he   app roach ing   boundary - l aye r   t h i ckness .   Fu r the rmore ,   i n   t he  
reg ion  close t o   t h e  wal l  it is l i k e l y   t h a t   t h e   v i s c o u s   e f f e c t s  may f u r t h e r   t e n d  t o  
reduce   the   nonuni formi t ies   due  t o  d i scon t inuous   suc t ion .  It is assumed t h a t   t h e  
ou te r   r eg ion   o f   t he   boundary   l aye r  is n o t   s i g n i f i c a n t l y   i n f l u e n c e d  by t h e   i n d i v i d u a l  
ho les   and   can  be t r e a t e d  as a f low  over  a f i c t i t i o u s   w a l l   w i t h   a v e r a g e   s h e a r   f o r c e  
determined by t h e   a v e r a g e   s u c t i o n   v e l o c i t y  over t h e   p e r f o r a t e d  plate .  The average  
s u c t i o n   v e l o c i t y  Vw is  given  by 

pwvw m 

Pe ue m 
2A 

ts  p 

b l  Ats ”=” -  

I n   t h e   f o l l o w i n g   s e c t i o n s ,  t w o  ana ly t i ca l   boundary - l aye r   p red ic t ion   me thods  w i l l  
be examined  and  compared  with  the  measurements. 

F in i t e -Di f f e rence  Method 

The program  of  Bushnell,  Beckwith,  and  Hixon  (refs.  12  and  13) w a s  chosen  from 
severa l   computer  codes t h a t   u s e   g r i d  methods f o r   b o u n d a r y - l a y e r   a n a l y s i s .  The mea- 
sured   boundary- layer   p rof i les   ahead   of   the   suc t ion   reg ion  were used as a s t a r t i n g  
p o i n t   f o r   t h e   c a l c u l a t i o n .  The program  uses  an implici t  f i n i t e - d i f f e r e n c e   p r o c e d u r e  
to  s o l v e   t h e  mean compressible boundary- layer   equa t ions  for  t h e  case of   an  ideal gas  
w i t h   c o n s t a n t   s p e c i f i c   h e a t .   D e v i a t i o n s   o f   b o u n d a r y - l a y e r  parameters f o r   c r y o g e n i c  
n i t rogen   gas  a t  a d i a b a t i c   c o n d i t i o n s   f r o m   t h e   i d e a l - g a s   c a l c u l a t i o n s  are shown to  be 
wi th in   abou t  1 1  p e r c e n t   ( r e f .   1 4 )   a n d ,   h e n c e ,   t h e   p r e s e n t   c a l c u l a t i o n s   h a v e   b e e n  
performed  with  the  ideal-gas   assumption.  The method t rea ts  the f l o w  by c o n s i d e r i n g  
an  eddy-viscosi ty   model   based upon a mixing-length  formulat ion.  The mixing  length 
Am is e x p o n e n t i a l l y  damped nea r   t he  wall  as 

where f (  x,%) is  the mixing- length   func t ion   def ined   in   re fe rence   13 .  The va lue  

of A+, the damping  constant,  is 26 for no  suct ion.   For   the  blowing or s u c t i o n  case, 
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A' has   been   co r re l a t ed   w i th   expe r imen ta l   va lues   o f  2pwvw/peueCf by  Bushnell  

and  Beckwith.  (See ref. 13 . )   Ana ly t i ca l   exp res s ions  for A+ which  include effects of 
b o t h   p r e s s u r e   g r a d i e n t   a n d  mass t r ans fe r   have   been   g iven  by Cebeci. (See ref. 15.)  
For a f l a t - p l a t e   f l o w  w i t h  mass t r a n s f e r ,  A+ i s  given  by 

A+ = 26  exp(-5.9vw/uT) 

E i t h e r   e q u a t i o n  ( 3 )  or the   fa i red   curve   sugges ted   by   Bushnel l   and   Beckwi th  (ref. 13)  
can be used. The f i n a l   i n t e g r a l  parameters c a l c u l a t e d  were abou t   t he  same for  e i t h e r  
va lue   o f  A+ used. The c a l c u l a t e d   v e l o c i t y  profiles from the  pi tot- tube  measure-  
ments were used as s t a r t i n g - i n p u t   d a t a .  In t h e   i n n e r . r e g i o n   n e a r   t h e  w a l l ,  where 
t h e r e  w e r e  no  measurements, a s u i t a b l e   a n a l y t i c a l   p r o f i l e  w a s  used. The proqram 
r e q u i r e s  a t  least f o u r  steps i n   t h e   l i n e a r   p o r t i o n  of t h e   p r o f i l e .  The i n p u t   d a t a   i n  
t h e   l i n e a r   r e g i o n  were ob ta ined  by f irst  e s t i m a t i n g   t h e  local s k i n   f r i c t i o n   a n d   t h e n  
c a l c u l a t i n g  the c o r r e s p o n d i n g   f r i c t i o n   v e l o c i t y   u T .  The h e i g h t  of t h e   l i n e a r  por- 
t i o n   o f   t h e   s u b l a y e r  w a s  t aken  t o  be approximately y+ = 5.  For t h e   i n n e r   r e g i o n ,  a 
f a i r e d   c u r v e   b a s e d   o n   t h e  l a w  o f   t h e   w a l l  w a s  employed. The local s k i n   f r i c t i o n  w a s  
c a l c u l a t e d  by us ing   t he   i ncompress ib l e   exp res s ion   o f  Thompson ( r e f .   1 6 )  

C = exp(aH + b) f ( 4 )  

where 

a = 0.019521 - z[O.386768 - ~ ( 0 . 0 2 8 3 4 5  - O.O007017z)] 

b = 0.191511 - ~ [ 0 . 8 3 4 8 9 1  - ~ ( 0 . 0 6 2 5 8 8  - 0 . 0 0 1 9 5 3 ~ ) l  

z = l n R  0 

The c o m p r e s s i b i l i t y   c o r r e c t i o n  for  Cf €or the   r ange   o f   t e s t - sec t ion  Mach  num- 
bers w a s  q u i t e  small, a n d   t h e   s i m p l e   c o r r e c t i o n   ( r e f .   1 7 )  

w a s  used,  where a is  the   v i scos i ty - t empera tu re   exponen t ,  r i s  the recovery  
factor, and n is t h e   e x p o n e n t   i n   t h e   i n c o m p r e s s i b l e   s k i n - f r i c t i o n  l a w  

cf 
= ( Constan t  1 R i n  

I n t e g r a l  Method 

I n t e g r a l   m e t h o d s   o f f e r  great s i m p l i c i t y   i n   t h e   s o l u t i o n  of boundary-layer prob- 
lems. For   t he  case of suc t ion   w i th   mi ld   adve r se   p re s su re   g rad ien t ,   t he   accu racy  of 
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p r e d i c t i o n   o f  the boundary-layer   growth  with  suct ion  depends on the   type   o f   sk in-  
f r i c t i o n  l a w  used. Towne ( r e f .   1 8 )   h a s   e x a m i n e d   t h e   a p p l i c a t i o n   o f   d i f f e r e n t   s k i n -  
f r i c t i o n  laws f o r   t h e   d i f f e r e n t  cases and   has   found  the   sk in- f r ic t ion  l a w  of Thompson 
( r e f .  161, based on a t h r e e - p a r a m e t e r   f a m i l y   o f   v e l o c i t y   p r o f i l e s ,   t o  give good 
r e s u l t s   f o r   s m a l l   s u c t i o n  rates. Because   o f   the   space   l imi ta t ion  (i.e., small su r -  
f a c e  area of  porous plates) ,  much h i g h e r   b l e e d   r a t e s   e x i s t e d   f o r   t h e  tests i n   t h e  
0.3-m TCT, a n d   t h e s e   r e s u l t s   p r o v i d e d  a means to  c h e c k   t h e   v a l i d i t y  of t h e   s k i n -  
f r i c t i o n  law  of  reference 16 f o r   h i g h e r   b l e e d  rates. The i n t e g r a l   e q u a t i o n s   u s e d   i n  
t h e   p r e s e n t   r e p o r t  are the   t ransformed momentum and moment-of-momentum expres s ions  
developed by Sasman  and C r e s c i   ( r e f .  19), which  were  modified by Towne ( r e f .   1 8 )   t o  
i n c l u d e   e f f e c t s  of  mass t r a n s f e r   a t   t h e   w a l l .   T h e s e   e q u a t i o n s   a r e ,   f o r  two- 
dimensional   f low,  

v+ 1 

e 

dH 
dM 

dx 2M dx 
i i 2  + 4H - 1 

” - --- 
e (H + 1 ) ( H  + 3)  J 

v+ 1 

2(y-1) 
. .  

0.01 1 -- - e 

v+ 1 

- - 
In   equa t ions  ( 7 )  and (8 )  , 8 and H r e f e r   t o   t h e   v a l u e s  of t h e  momentum t h i c k n e s s  
and   t he   shape   pa rame te r ,   r e spec t ive ly ,  i n  t he   t r ans fo rmed   coord ina te s  and a r e   g i v e n  
by 

Y+ 1 * 
- e = e ( - )  

H = 3 - (  T H 1 +l 
0 - 2 M2)+“2 e  e 
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Also, T is the re fe rence   t empera tu rk   ca l cu la t ed   by   u s inq  
- 

- 
T TW T - = 0.5 - + 0.22Npr T 0 T 0 1/3 + (0.5 - 0.2243f 

The first term on the   r i gh t -hand  side of equa t ion  (7) r e p r e s e n t s   t h e   p r e s s u r e -  
g r a d i e n t  effects i n   t h e   x - d i r e c t i o n .  me second  and   th i rd  terms account  for t h e  
suc t ion   e f f ec t s   and   g rowth   due  t o  s k i n   f r i c t i o n ,   r e s p e c t i v e l y .  To i n t e g r a t e  
equa t ions  (7) and (81, t h e   s k i n - f r i c t i o n  l a w  of r e f e r e n c e  16 w a s  used. The 
r e l e v a n t   e x p r e s s i o n s  are 

Cf = exp(aH + b) 

(11) 

(1  2) 

For - = -0.005, vW 

U e 

a = 1.07085 - zL0.831747 - ~(0.106843 - O.O04428z)] 
b = -2.338049 + zf0.015834 - z(0.047968 - 0.003308~)] 

a n d   f o r  - - -0.01, vw - 
U e 

a = -1.00747 - exp(10.97531 - 8.1080555 In z) 

b = 110.92  exp(-1  .06z) - 2.94 
z = l n R  e 

For in t e rmed ia t e   va lues   o f  vw/ue, l i n e a r   i n t e r p o l a t i o n  w a s  used. For h i q h e r  bleed 
rates, t h e   s k i n   f r i c t i o n   i n c r e a s e d   l i n e a r l y   ( r e f .  16) and,  hence,  Cf va lues  were 
ob ta ined  by e x t r a p o l a t i o n .  By u s i n g   t h e   i n i t i a l   v a l u e s   o f  momentum t h i c k n e s s   a n d   t h e  
shape  factor   f rom  measurements ,   equat ions (7) and (8) were i n t e g r a t e d  by  employing a 
fourth-order ,   var iable- interval   Runge-Kutta   method.  

Reduction  of  Experimental  Data 

The t o t a l  pressures   measured  by  the  boundary-layer   rake were f irst  conver ted  t o  
local Mach numbers  by us ing  the one -d imens iona l   r e l a t ion  



The t empera tu re   and   ve loc i ty  profiles are assumed t o  be r e l a t e d   b y  the Crocco- 
Busemann r e l a t i o n  (ref. 20, p. 627) 

T = T  U r u L  

e P 
W + ‘Taw w u  2c 

- T  ) - - -  

F o r   t h e  case of a n   a d i a b a t i c - w a l l   c o n d i t i o n ,   e q u a t i o n   ( 1 4 )   c a n  be w r i t t e n  as 

The tempera ture  is related to  t h e  local  Mach number a n d   v e l o c i t y   b y  

2 
T 
T 
e e 

( 1  5b)  

By u s i n g   e q u a t i o n s  ( 1 3 )  and ( 15)  , t h e   v e l o c i t y   p r o f i l e   c a n  be e x p r e s s e d   I n  terms of 
t h e  Mach number as 

By knowing t h e   v e l o c i t y   d i s t r i b u t i o n   a n d   t h e   d e n s i t y   d i s t r i b u t i o n   g i v e n  by t h e  
Crocco-Busemann r e l a t i o n ,   t h e   b o u n d a r y - l a y e r   i n t e g r a l  parameters can be e v a l u a t e d .  
For   the   reg ion   be tween  the  w a l l  a n d   t h e   f i r s t   t u b e   ( y / 6  a 0 .051 ,   an   ana ly t i ca l  
approximation  corresponding t o  a s u i t a b l e  power-law p r o f i l e  w a s  used. 

RESULTS AND D I S C U S S I O N  

Boundary  Layer  Without  Suction 

The f i r s t   o b j e c t i v e   i n   t h e   c u r r e n t   i n v e s t i g a t i o n  w a s  t o  a n a l y z e   t h e   s o l i d - w a l l  
boundary- layer   da ta  t o  o b t a i n   a n  estimate of t h e   b o u n d a r y - l a y e r   i n t e g r a l  parameters 
( 6*, 8, and H) under   va r ious   ope ra t ing   cond i t ions .  These va lues  were used t o  
e s t a b l i s h   b a s e - l i n e   b o u n d a r y - l a y e r  properties t h a t  were later compared  with  the 
boundary- layer   p roper t ies   wi th   suc t ion .   For   th i s   purpose ,   the   measurements  made by 
t h e   p i t o t   r a k e   l o c a t e d   a h e a d  of t h e   s u c t i o n   r e g i o n  are cons idered .  By knowing t h e  
boundary-layer parameters a t  t h i s   s t a t i o n ,   t h e   v a l u e s  a t  t h e  model l o c a t i o n   c a n  be 
estimated by us ing   s t anda rd   boundary - l aye r   p red ic t ion   me thods .  
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Figure  6 shows a t y p i c a l   v a r i a t i o n  of t o t a l  p r e s s u r e ,  Mach number,  and v e l o c i t y  
wi th in   the   boundary   l ayer  for a t e s t - s e c t i o n  Mach number of 0.76 and a Reynolds num- 
ber of 40 x lo6 p e r  meter. Detailed v e l o c i t y  profiles u n d e r   d i f f e r e n t   c o n d i t i o n s  of 
opera t ion   and   wi th   zero   boundary- layer   suc t ion  are p r e s e n t e d   i n  figure 7. It may,be 
no ted   t ha t   t he   boundary - l aye r   ve loc i ty  profiles ahead of t h e   p e r f o r a t e d   p l a t e   o n  t w o  
s i d e w a l l s   a g r e e   c l o s e l y .  The i n t e g r a l  parameters e v a l u a t e d  by  using these p r o f i l e s  
are shown i n   f i g u r e  8. The error bounds  shown i n d i c a t e   t h e   u n c e r t a i n t y   i n   t h e  mea- 
su red   va lues .  The displacement   and momentum t h i c k n e s s e s  show a s l i g h t   r e d u c t i o n  
w i t h   i n c r e a s e   i n   u n i t   R e y n o l d s  number. A t  t h e  lowest Reynolds number t e s t e d  of 
20 x lo6  per meter, 6* and 8 are, r e s p e c t i v e l y ,   a b o u t  1.7  and  1.3 mm and   decrease  
t o  about  1.3  and 0.9 mm a t  the   h ighes t   Reyno lds  number of  200 x lo6 per meter. The 
shape  parameter is  s e e n  t o  i n c r e a s e  from 1.3 a t  M = 0.30 t o  about  1.5 a t  M = 0.76, 
and  the effect  of Reynolds number over t h e   r a n g e  tested (from 20 t o  200 x IOE'  per 
meter) w a s  n o t   s i g n i f i c a n t .  

The mean v e l o c i t y   p r o f i l e s   h a v e   b e e n   c o r r e l a t e d   i n   f i g u r e  9 o v e r   t h e   r a n g e  
of Mach number and  Reynolds number of t h e s e  tests. Most o f   t he   da t a   po in t s   f rom 
t h e   p r o f i l e s   f a l l   i n   t h e   o u t e r   r e g i o n  of the   t u rbu len t   boundary   l aye r  (i .e., 
y /6  > 0.15)  and show  good ag reemen t   w i th   t he   de fec t  l a w  of  Hama  ( r e f .  21, p. 631)  : 

u - u  e 2 
= 9.6(, - %) 

U T  

The d a t a   i n   f i g u r e  9 w e r e  c o r r e l a t e d   i n  terms of  y/6*,  rather  than  of  y/6 
(eq. ( 1 7 ) ) ,  t o  a v o i d   u n c e r t a i n t i e s   i n   p r o p e r l y   l o c a t i n g   t h e   o u t e r   e d g e  of the 
boundary  layer .  The mod i f i ca t ion   o f   equa t ion   (17 )  w a s  a lso used i n   r e f e r e n c e  2 2  
where 6 = 86* w a s  found to  g i v e  a good c o r r e l a t i o n  a t  l o w  Reynolds  numbers  where 
t h e  power-law ve loc i ty -p ro f i l e   exponen t  is n e a r   t h e  l/N-power l a w .  The N-power 
r e l a t i o n s h i p   u s e d   i n   e q u a t i o n   ( 1 7 )   a n d   f i g u r e  9 t o  re la te  6 and 6* varies w i t h  
Reynolds  number, as i n d i c a t e d   i n   r e f e r e n c e  23. Fo r   i n s t ance ,  a t  a l o w  Reynolds 
number t h e  power-law v e l o c i t y - p r o f i l e   e x p o n e n t  is nearer   1/7  and,   thus,  6 = 86*. 
However, a t  the   h ighe r   Reyno lds  numbers  of  these tests, the   exponen t   i nc reases  and 
6 = 96* and 6 = IO&* were used i n   e q u a t i o n   ( 1   7 ) .  The f r i c t i o n   v e l o c i t y  U T  

w a s  c a l c u l a t e d  by u s i n g   t h e  local sk in - f r i c t ion   va lues   f rom  equa t ion   (4 )   and   t he  
cor responding   va lues   o f  Re and H. It may be   seen   f rom  f igure  9 t h a t   t h e  mea- 
s u r e d   v e l o c i t y   p r o f i l e s  correlate w e l l  w i th   equa t ion   (17 )  , w i t h  6 = 96* a t  
R = 40 X 1 0   p e r  meter and  with 6 = 1 Oh* a t  R = 170 x 1 0   p e r  meter. 6 6 

'Ihe v e l o c i t y   p r o f i l e s   ( f i g .   7 )   m e a s u r e d   b y  the rakes  located  downstream  of  the 
p e r f o r a t e d   p l a t e s  are a f f e c t e d  by the  boundary-layer  growth over t h e  plate even when 
t h e r e  is no   suc t ion .  The c h a r a c t e r i s t i c s  of the   boundary   l ayer   over  a po rous   su r f ace  
are qui te   compl ica ted ,   depending   on   the   na ture   o f   the  porous media  used.  Recent 
s t u d i e s  by Schetz  and Kong (refs. 22 and  24)  show t h a t   t h e   s u r f a c e   p o r o s i t y   a n d   s u r -  
face  roughness   tend t o  lower t h e   i n t e r c e p t  of t h e   l o g a r i t h m i c   p o r t i o n  of t h e  w a l l  l a w  
and t o  cause  a s i g n i f i c a n t   i n c r e a s e   i n   s k i n   f r i c t i o n   a n d   t u r b u l e n c e   q u a n t i t i e s .  

Even though  the  scope of the p r e s e n t   i n v e s t i g a t i o n  w a s  no t   adequa te  to  p r o b e   t h e  
i n n e r   r e g i o n   i n   d e t a i l ,   t h e   c h a n g e   i n   t h e   i n t e q r a l  parameters across t h e   p e r f o r a t e d  
plate can be expected to  g i v e  some i d e a   o f   t h e   s e v e r i t y  of the  boundary-layer   growth 
ove r  the p e r f o r a t e d   p l a t e  w i t h  c l o s e l y   s p a c e d   h o l e s .  'Ihe i n c r e a s e   i n  momentum 
th i ckness  across t h e   p e r f o r a t e d  plate under   zero  mass-flow removal   condi t ions i s  
shown i n  figure 10. It may be o b s e r v e d   t h a t  on  one  of  the walls (SWl), t h e   i n c r e a s e  
i n  momentum t h i c k n e s s  is much h i g h e r   t h a n   o n   t h e  other w a l l .  The p resence  of a small 
step a t  t h e   j u n c t i o n  of the wal l  and of t h e  perforated plate on t h i s  w a l l ,  which w a s  
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n o t i c e d  later,  might   poss ib ly   have   caused  this i n c r e a s e .   S i n c e   t h e   p e r f o r a t e d - p l a t e  
su r face   exposed  t o  f l o w  is f i n i s h e d  t o  a h igh  degree of smoothness,  it is l i k e l y   t h a t  
t he   su r f ace - roughness  effects may n o t  be v e r y   s i g n i f i c a n t .  However, t h e   d i s c r e t e -  
h o l e   c o n f i g u r a t i o n  t o  some e x t e n t  may g ive  rise t o  a n   o p e n - a r e a   e f f e c t   w i t h  free-jet- 
t y p e   m i x i n g   r e s u l t i n g   i n  a higher   growth rate of   the   boundary   l ayer   than   on  a s o l i d  
w a l l .  A simple estimate of the  boundary-layer  growth expec ted   w i th   f r ee - j e t - type  
mixing   a long   the   open  area is  g iven  by ( ref .  10)  

" "* - 0.01023(8)2/3 
L 

o r  - E  

L 0.0073(E)2/3 ( fo r  H = 1.4) ( 1 8 )  

The p r e s e n t  tests i n d i c a t e d   t h a t   w i t h  no s u c t i o n   t h e   i n c r e a s e   i n  momentum t h i c k -  
ness  is between 0.1 and 0.3 mm wi th   t he   ma jo r i ty   o f  data being  between 0.1 and 0.2 mm. 
These  values  are w e l l  w i t h i n   t h e  estimates of   equat ion ( 1  8 ) ,  which  can be expec ted  t o  
give  an  upper   bound  on  the  shear- layer   growth.  An earlier i n v e s t i q a t i o n   ( r e f .  5) i n  
t h e  0.3-m  TCT, wi th  a p e r f o r a t e d  plate  of   24-percent   poros i ty   wi th  0.46-mm-diameter 
ho les   and  0.82-mm s p a c i n g ,   i n d i c a t e d   t h a t   w i t h   n o   s u c t i o n   t h e r e  was a s i g n i f i c a n t  
i n c r e a s e   i n  momentum t h i c k n e s s  across the p la t e ,   poss ib ly   because   o f  the l a r g e r   h o l e s  
and   sur face   roughness .   These   p rev ious   resu l t s   f rom  re ference  5 i n d i c a t e d   t h a t   p e r f o -  
r a t e d  plates would r e q u i r e   c o n s i d e r a b l y  more s u c t i o n  t o  overcome  the  adverse  growth 
of the   boundary   l aye r   be fo re   t he   bene f i t s   o f   suc t ion   can  be r e a l i z e d .  The measure- 
men t s   p re sen ted   he re in   sugges t   t ha t  when t h e   c u r r e n t   t e c h n i q u e   f o r   t h e   m a n u f a c t u r e   o f  
p e r f o r a t e d  plates (i .e. ,  smaller h o l e s )  i s  used ,   t he   g rowth   o f   t he   boundary   l aye r   i n  
t he   absence   o f   suc t ion  is n o t   s i g n i f i c a n t   a n d   t h i s   t y p e  of porous  media may be supe- 
rior t o  other t y p e s   u s i n g   s i n t e r e d  woven sc reen  materials. A more d e t a i l e d   i n v e s t i -  
ga t ion   of   the   tu rbulen t   boundary- layer   deve lopment   wi th   emphas is  on t h e   i n n e r   r e g i o n  
is d e s i r a b l e   t o   e v a l u a t e   t h e  merits o f   t h e   p e r f o r a t e d - p l a t e   s u c t i o n  medium having  
ho le   d i ame te r   and   spac ing  much less than   t he   boundary - l aye r   t h i ckness .  

Effect  of  Boundary-Layer  Suction 

The e f f e c t   o f   t h e   b o u n d a r y - l a y e r   b l e e d  on v e l o c i t y  profiles is shown i n   f i g -  
u re  11 f o r  M = 0.76  and R = 40 x l o6  per meter. Highes t   b leed  rates of  up t o  
2.4 p e r c e n t  were o b t a i n e d   f o r   t h i s  tes t  condi t ion   wi th   pass ive   boundary- layer   b leed  
ope ra t ion .  Also, a t  t h i s  Mach number, t he   d i f f e rences   i n   boundary - l aye r   g rowth   w i th -  
o u t  s u c t i o n  on t w o  sidewalls were most  pronounced. It may be observed   tha t   even   wi th  
small b l eed  rates t h e   v e l o c i t y   p r o f i l e s   t e n d   t o  become f u l l e r  a n d   t h e   d i f f e r e n c e s  
between  the two w a l l s  d iminish.   With  about   1-percent  bleed rate, t h e   p r o f i l e s  almost 
over lap ,   which   ind ica tes  good un i fo rmi ty  of the  f low  on  both  s idewalls   downstream  of  
t h e   s u c t i o n   r e g i o n .   W i t h   f u r t h e r   i n c r e a s e   i n   b l e e d  ra te ,  t h e  change i n   v e l o c i t y  
profiles i s  r a t h e r  slower and ,   a f t e r   abou t   2 -pe rcen t  bleed rate,  t h e   s u c t i o n  seems t o  
have l i t t l e  e f f e c t .  Such  behavior is to  b e   e x p e c t e d   b e c a u s e   o f   t h e   i n c r e a s e   i n   s k i n  
f r i c t i o n   w i t h   s u c t i o n  which  tends t o  n e u t r a l i z e   t h e   b e n e f i c i a l   e f f e c t   o f   s u c t i o n .  
The ex ten t   o f   t h inn ing  down o f   t he   boundary   l aye r   w i th   i nc rease   i n   suc t ion  i s  a lso 
appa ren t   f rom  the   ve loc i ty   p ro f i l e s .  The v e l o c i t y  a t  t h e  f irst  tube   l oca t ed  0.6 mm 
away  from t h e  wal l  increases   f rom  about  0 . 7 ~ ~  wi th   no   suc t ion  t o  about  0.871-1, w i th  
suc t ion .   F igu res   12   and   13  show the v e l o c i t y   p r o f i l e s  for  d i f f e r e n t  Reynolds  numbers 
and Mach numbers ,   respect ively,   wi th   1-percent   boundary-layer   bleed.  N o  s i g n i f i c a n t  
change i n   t h e   v e l o c i t y   p r o f i l e s  is n o t e d   i n   t h e  t e s t  range  because  of the dominant 
e f f e c t  o f   suc t ion   on   sk in   f r ic t ion   compared   wi th   changes   wi th   Reynolds  number and 
Mach number. 
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The change i n  momentum t h i c k n e s s  ( A 8 1  across the p e r f o r a t e d  plate w i t h   s u c t i o n  
i s  shown for  d i f f e r e n t   R e y n o l d s  numbers  and Mach numbers i n   f i g u r e s   1 4   a n d   1 5 ,  
r e s p e c t i v e l y .  The measu red   i nc rease   i n   t he   absence   o f   suc t ion  is abou t  0.3 mm. 
W i t h   a p p l i c a t i o n  of s u c t i o n ,  the boundary   l aye r   t h ins  down rap id ly ,   and  for abou t  
0.5-percent bleed, the s u c t i o n  is  s u f f i c i e n t  t o  overcome t h e   i n c r e a s e   i n   t h e  
boundary - l aye r   g rowth   ove r   t he   pe r fo ra t ed  plate  when there is  no  suct ion.   With a 
f u r t h e r   i n c r e a s e ,   t h e   b o u n d a r y   l a y e r   t h i n s  down g radua l ly ,   and  after about   1 -percent  
b l eed ,  the e f f e c t i v e n e s s  decreases cons iderably .  As d i s c u s s e d  earlier, wi th   over  
2-percent bleed t h e   c h a n g e   i n  momentum th i ckness  is n e g l i g i b l e .  The loss  i n  effec- 
t i v e n e s s  of s u c t i o n  a t  h i g h e r   b l e e d  rates s u g g e s t s   t h a t   w i t h  the suc t ion   a r r angemen t  
employed f o r   t h e  0.3-m  TCT, the   usefu l   range   of   boundary- layer   b leed  is l i m i t e d  t o  
abou t  2 p e r c e n t   ( 1   p e r c e n t  for each w a l l ) ,  above  which  only a d r o p   i n   t e s t - s e c t i o n  
Mach number w i l l  occu r   w i thou t   any  appreciable t h i n n i n g  of the   boundary   l ayer .  

Comparison  With  Theoret ical   Predict ions 

Theore t ica l   ca lcu la t ions   o f   the   boundary- layer   g rowth   wi th   suc t ion   have   been  
made f o r   t h e  case of M = 0.76  and R = 40 x I O 6  p e r  meter. S ince  a f i n i t e   q u a n t i t y  
of mass is  removed  from the   t es t - sec t ion   f low  through  boundary- layer   suc t ion ,  a 
p o s i t i v e   p r e s s u r e   g r a d i e n t  i s  e s t a b l i s h e d   a l o n g   t h e   f l o w   d i r e c t i o n  across t h e   s u c t i o n  
r e g i o n .   T h i s   a d v e r s e   p r e s s u r e   g r a d i e n t   r e s u l t s   i n  a Mach number d rop   and   a l so   t ends  
to  d iminish   the   e f fec t iveness   o f   suc t ion .   For  small mass- f low  removal   ra tes ,   as   in  
t h e   p r e s e n t  case, t h i s   e f f e c t  is small. Figure  16  shows  the  measured  change i n  Mach 
number w i t h   b l e e d   f o r   a n   u p s t r e a m  Mach number of 0.76. For   the  boundary-layer   calcu-  
l a t i o n s ,  a l i n e a r   a p p r o x i m a t i o n  t o  t h i s  measured  data w a s  used. 

F o r   t h e   f i n i t e - d i f f e r e n c e  method ( r e f s .  1 2   a n d   1 3 ) ,   t h e   i n i t i a l   s t e p   s i z e   i n   t h e  
y -d i r ec t ion  w a s  r educed   w i th   an   i nc rease   i n   b l eed  ra te  i n   o r d e r   t o   h a v e  a t  l eas t  f o u r  
s t e p s   i n   t h e   l i n e a r   r e g i o n .  The number  of s t e p s   i n   t h e   y - d i r e c t i o n   v a r i e d   f r o m   a b o u t  
250 with no b l e e d   t o  300 with  2 .4-percent   bleed.   For   the  hiqhest   b leed rate,  step 
s i z e s   i n  the x -d i r ec t ion   o f  0.7 and  0.14 mm were t r i e d ,   a n d  it w a s  d e t e r m i n e d   t h a t  
t h e   f i n a l   i n t e g r a l   p a r a m e t e r s   d i f f e r e d   v e r y  little; t h e r e f o r e ,   f o r  a l l  o t h e r  
c o n d i t i o n s ,   t h e   l a r g e r  step s i z e  w a s  used. 

A comparison  between  the  measured A8 a n d   t h e   p r e d i c t i o n s   o f   t h e   f i n i t e -  
d i f f e r e n c e   a n d   i n t e g r a l  methods is shown i n   f i g u r e  17.  Both  methods p r e d i c t   t h e  
p r o p e r   t r e n d   i n   t h e   e f f e c t i v e n e s s   o f   s u c t i o n  t o  t h e  maximum b leed  rate of 2.4 pe r -  
cen t ,   co r re spond ing  t o  vw/ue = -0.02. The r e s u l t s   o f   t h e   f i n i t e - d i f f e r e n c e  method 
are  closer t o   t h e   d a t a ,   a n d   t h e   i n t e g r a l   a p p r o a c h   t e n d s  t o  u n d e r p r e d i c t   t h e  decrease 
i n  A0 somewhat. The i n i t i a l   i n c r e a s e   i n  momentum t h i c k n e s s   w i t h   z e r o   s u c t i o n  is 
approx ima te ly   t he  same as would be expected  on a s o l i d  wall .  This r e s u l t   f u r t h e r  
s u q g e s t s   t h a t   t h e r e  is no   s ign i f i can t   adve r se   g rowth  over t h e   p e r f o r a t e d  plates when 
t h e r e  is no   suc t ion .  A compar ison   of   the   change   in   the   measured   shape  parameter wi th  
p r e d i c t i o n s ,  shown i n   f i g u r e   1 8 ,  is s a t i s f a c t o r y   w i t h   t h e  t w o  t h e o r i e s   b r a c k e t i n g   t h e  
data. However, t h e   f i n i t e - d i f f e r e n c e  method p r e d i c t s   t h e   t r e n d   i n  H better than  
the i n t e g r a l  method. 

Good agreement is  shown i n   f i g u r e   1 9   b e t w e e n   m e a s u r e d   v e l o c i t y  profiles wi th  
suc t ion   and  the r e s u l t s  of t h e   f i n i t e - d i f f e r e n c e   c a l c u l a t i o n .  Both t h e   d a t a   a n d  
theo ry  show the c h a r a c t e r i s t i c   t h i n n i n g   o f   t h e   b o u n d a r y   l a y e r   w i t h   i n c r e a s i n g  
s u c t i o n ,  as w e l l  as h i g h e r   v a l u e s   o f  u/ue as t h e   s u c t i o n   i n c r e a s e s .  The r easonab le  
agreement   o f   the   p red ic t ions   wi th   the   measurements   demonst ra tes   the   adequacy  of t h e  

1 3  



c a l c u l a t i o n   m e t h o d s   i n   p r o v i d i n g  good estimates of   the   boundary- layer  properties wi th  
suc t ion   t h rough  perforated plates w i t h   c l o s e l y  spaced holes ,   even  for  h igh  bleed 
rates. 

With  l imited  measurements  on a s i n g l e   p e r f o r a t e d  plate,  it i s  d i f f i c u l t  t o  say  
whether some d i f f e rences   be tween  the measurements  and  theory are due t o  d i s c r e t e -  
s u c t i o n   e f f e c t s  or o therwise .  In  a n   e f f o r t  t o  examine t h i s   q u e s t i o n ,   c a l c u l a t i o n s  
were made wi th  a code   deve loped   by   S t r ee t t  (ref. 5) t o  accoun t  for  t h e   d i s c r e t e  
s u c t i o n   i n   a n   i n d i r e c t  manner. The r e s u l t s ,   u s i n g   t h e  method of S t r e e t t ,  were close 
to  the p r e d i c t i o n s  of the i n t e g r a l  method for l o w  b l eed  rates. However,  when 
Streett 's method w a s  u s e d   w i t h   i n c r e a s i n g   b l e e d  rates, the boundary- layer   th ickness  
s t a r t e d   i n c r e a s i n g   r a p i d l y   r a t h e r   t h a n   t h i n n i n g ,   p r o b a b l y   b e c a u s e  of o v e r c o r r e c t i o n  
f o r   d i s c r e t e - s u c t i o n  effects.  T h e s e   r e s u l t s   s u b s t a n t i a t e d   t h a t   t h e   p r e v i o u s l y   d i s -  
cussed   assumpt ion   of   cont inuous   suc t ion   averaged   over   the   sur face   (eq .  ( 1 ) )  is  
r e a s o n a b l e   a n d   t h a t   t h e   i n v i s c i d - s i n k   e f f e c t s  are n o t   s i g n i f i c a n t  for t h e s e  tests. 

Even though   t he   p red ic t ions  of t h e   f i n i t e - d i f f e r e n c e   c a l c u l a t i o n  are closer t o  
t h e   d a t a   t h a n  t o  t h e   i n t e g r a l   m e t h o d s ,  a s impler   approach ,   based   on   in tegra l   methods ,  
is d e s i r a b l e   f o r   q u i c k  estimates a n d   r a p i d   c a l c u l a t i o n .  In order t o  have a r a p i d  
i n t e g r a l  method, a simple s k i n - f r i c t i o n   r e l a t i o n   a c c o u n t i n g  €or s u c t i o n  is  needed. 
The basis f o r   t h i s   t y p e  of s k i n   f r i c t i o n  is found i n   r e f e r e n c e  25 where   the   sk in  
f r i c t i o n   w i t h   s u c t i o n  i s  r e l a t e d  t o  t h e   v a l u e   w i t h o u t   s u c t i o n  C f , o  by 

Cf = -K - Pw~w/ [  - ( K P"w)] 

f'e ue 
exp  - - 

'f,O Pe'e 
(19 )  

w i t h  K = 1.62. The c o n s t a n t  1.62 from r e f e r e n c e  25 w a s  based   on   da ta   ob ta ined   over  
a limited range  of   boundary-layer   bleed.  For t h e   h i g h e r   b l e e d  rates p e r t i n e n t  t o  
t h i s   s t u d y ,   t h e   s k i n   f r i c t i o n   i n c r e a s e s   l i n e a r l y   w i t h   s u c t i o n   v e l o c i t y ,  which is 
ind ica t ed   i n   equa t ion   (191 ,   s ince   t he   denomina to r   app roaches   un i ty   r ap id ly .  A com- 
p a r i s o n   o f   t h e   v a l u e s   o f  Cf ob ta ined  by 
c h a r t s   o f   r e f e r e n c e  1 6  i n d i c a t e d   t h a t   t h e  
for H = 1 .2. The s k i n - f r i c t i o n   r e l a t i o n  
c o n j u n c t i o n   w i t h   t h e   f o l l o w i n g  Von K g r m i n  
c a l c u l a t i o n s :  

u s ing   equa t ion  ( 1  9)  w i t h   t h e  detai led 
two ag ree   fo r   l a rge   Reyno lds  numbers  and 
g i v e n   i n   e q u a t i o n   ( 1 9 )   c a n   b e   u s e d   i n  
momentum i n t e g r a l   r e l a t i o n  t o  make r a p i d  

- + - - - - - ( 2 + H - M ~ ) = ~  d 0  0 due TW 

dx u dx 
'eu, 

+ -  .I .. 
e Pe  ue 

The las t  terms on t h e  t w o  s i d e s  of equa t ion  (20 )  a c c o u n t   f o r   t h e   p r e s s u r e   g r a d i e n t  
and   mass - t r ans fe r   e f f ec t s ,   r e spec t ive ly .  When t h e   v e l o c i t y - g r a d i e n t  term is modif ied 
and  the  assumption  of  a u n i f o r m l y   d i s t r i b u t e d   s u c t i o n  is made, t h e   c h a n g e   i n  momentum 
th i ckness  across the   porous  plate can  be  expressed as 

0(2 + H - M e )  ~ 

A0 = (> + -)L - - 
1 + 2Me Me 

2 

2 
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A comparison  of A 0  is made i n   f i g u r e  20 be tween  exper imenta l   da ta   and   pred ic t ions  
us ing   equat ions   (19)   and  ( 2 1 ) .  The agreement   between  the  data   and  theory w a s  q u i t e  
good when K = 1.4 was used   i n s t ead  of K = 1.62. This s u g g e s t s   t h a t  a simple 
i n t e g r a l   r e l a t i o n s h i p   c o u p l e d   w i t h   a n   a p p r o p r i a t e   s k i n - f r i c t i o n   e x p r e s s i o n   c a n  be 
used   t o  make q,uick  and  reasonably accurate estimates of   the  change  in   boundary-layer  
p r o p e r t i e s  due t o  s u c t i o n   a c r o s s  a p e r f o r a t e d   p l a t e   w i t h   c l o s e l y   s p a c e d   h o l e s .  For 
h igh   suc t ion   r a t e s   and   ze ro -p res su re -g rad ien t   f l ows ,   equa t ion   (21 )   s imp l i f i e s   t o  

CONCLUSIONS 

An expe r imen ta l   and   t heo re t i ca l   s tudy  of t he   s idewa l l   boundary   l aye r  was con- 
duc ted  i n  the  Langley 0.3-Meter Transonic  Cryogenic  Tunnel by u s i n g   t h e   r e c e n t l y  
incorpora ted   boundary- layer   cont ro l  system. The s t u d y  was focused on an  evalua-  
t i o n  o f   t he   e f f ec t iveness   o f   t he   boundary - l aye r   suc t ion   i n  terms of  the  change i n  
boundary - l aye r   p rope r t i e s   ac ross   t he   po rous   p l a t e   ove r  a range of ope ra t ing   cond i -  
t i o n s .  The r e s u l t s  o f   t he   s tudy   i nd ica t ed   t he   fo l lowing   conc lus ions :  

1. The d i sp lacemen t   t h i ckness  on t h e   t e s t - s e c t i o n   s i d e w a l l   ( a b o u t  0.3 m upstream 
o f   t h e   a i r f o i l   l o c a t i o n )   v a r i e s  from  1.6 t o  1.3 mm a t  uni t   Reynolds  numbers  from 
20 t o  200 x IO6 pe r  meter, r e s p e c t i v e l y .  The shape  parameter   increases   f rom  about  
1.3 a t  a low Mach number M of  0.30 to   abou t   1 .5  a t  M = 0.76. 

2. The s i d e w a l l   v e l o c i t y   p r o f i l e s  i n  t h e   o u t e r   r e g i o n   c o r r e l a t e   w e l l   w i t h   t h e  
d e f e c t  law  of Hama. 

3. when t h e r e  was no s u c t i o n ,   t h e   p e r f o r a t e d   p l a t e s   w i t h   c l o s e l y   s p a c e d   h o l e s  
i n d i c a t e d  little adverse  growth of the   boundary   l ayer .  

4. A t  M = 0.76   wi th   suc t ion   appl ied   to   the   boundary   l ayer ,   the   d i sp lacement  
th ickness   and   the  momentum th i ckness  downstream  of t h e   p e r f o r a t e d   p l a t e   d e c r e a s e   f o r  
s u c t i o n   l e v e l s  as h igh   a s  2.4 p e r c e n t   o f   t h e   t e s t - s e c t i o n  mass flow. However, t h e  
r a t e  of d e c r e a s e   g e t s   s m a l l e r  as s u c t i o n   j n c r e a s e s  from 0 t o  2.4 p e r c e n t .  

5. The e f f e c t  of Mach number  and  Reynolds  number  on the  boundary-layer   proper-  
t i e s   ove r   t he   r ange   o f   cond i t ions   t e s t ed  was small compared  with  the  effect   of  
s u c t i o n .  

6. A compar ison   of   the   change   in   boundary- layer   p roper t ies   resu l t ing   f rom 
suc t ion   w i th   t he   p red ic t ions   o f   f i n i t e -d i f f e rence   and   i n t eg ra l   me thods  showed  good 
agreement.  The results i n d i c a t e d   t h a t   t h e s e  two methods  can be used   t o   ob ta in  
estimates of   the   boundary- layer   g rowth   wi th   suc t ion   over   per fora ted   p la tes   wi th   ho le  
diameter   and  spacing much less than   the   loca l   boundary- layer   th ickness .  The results 
of f i n i t e - d i f f e r e n c e   c a l c u l a t i o n s   a g r e e d   b e t t e r   w i t h   t h e   d a t a   t h a n   t h e   r e s u l t s  of t h e  
i n t e g r a l  method;  however,  both  methods showed t h e   c o r r e c t   t r e n d   w i t h   i n c r e a s i n g  
s u c t i o n   t o   f r e e - s t r e a m   v e l o c i t y   r a t i o s  as h igh  as -0.02. 
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7. The good  agreement   be tween  da ta   and   theor ies   sugges ts   tha t   the   inv isc id-s ink  
e f f e c t  due t o   d i s c r e t e   p e r f o r a t i o n s   f o r  the h o l e   s i z e s   u s e d   i n   t h e s e  tests is n o t  
s i g n i f i c a n t   a n d ,   t h e r e f o r e ,   t h e   a s s u m p t i o n   o f   c o n t i n u o u s   s u c t i o n  is reasonable .  

. ,  
8. The Von Karman momentum i n t e g r a l   e q u a t i o n   c o u p l e d   w i t h  a s i m p l i f i e d   s k i n -  

f r i c t i o n   e x p r e s s i o n   c a n   b e   u s e d  t o  o b t a i n   r e a s o n a b l e  estimates of  boundary-layer 
changes  across  a p e r f o r a t e d   p l a t e   w i t h   s u c t i o n .  

Langley  Research  Center  
Nat ional   Aeronaut ics   and  Space  Adminis t ra t ion 
Hampton, VA 23665 
November 30, 1982 
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Figure 1.- Schematic  drawing of the  Langley 0.3-Meter Transonic  Cryogenic  Tunnel (0.3-m TCT). 
M = 0 to  0.95; pt = 1.2 t o  6 atm; Tt, condensation limit t o  320 K. 
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Figure  2.- Photograph  of  two-dimensional t es t  sec t ion   of   the   Langley  0.3-m TCT wi th   pe r fo ra t ed  plates for 
s u c t i o n .  Model was n o t  i n  tes t  s e c t i o n   f o r   t h e   p r e s e n t   s t u d y .  
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Figure 3 . -  Schematic  drawing of sidewall   boundary-layer  removal  system  with  passive  bleed. 
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(b) Photograph of sidewall boundary-layer rake. Probe outside diameter, 
0.5 mm; wall thickness, 0.1 25 mm. 

Figure 5.- Concluded. 
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Figure 6.- Typical  experimental sidewall boundary-layer profiles of 
total  pressure, Mach number,  and velocity upstream of perforated 
plate. yR = 15 mm; M = 0.76; R = 40 x lo6  per meter. 
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yR = 15 mm. 
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Figure 7 .- Continued. 
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Figure 18.- Comparison of change i n  shape  parameter with t h e o r e t i c a l  
predictions.  M = 0.76; R = 40 X l o 6  per  meter. 
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Figure 19.- Comparison  of v e l o c i t y   p r o f i l e s   a t   v a r i o u s   s u c t i o n  rates w i t h  
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Figure 20.- Comparison of change i n  momentum thickness  with a s implif ied 
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